of the Maxwellian plasma may occur in the vicinity of a spacecraft due to
where I 0 is the random electron current given by A N e (kTe/'2rc m¢) _/e , where e is the electron charge, tn is electron mass and A is the probe area. Ill.
Current Equations for Arbitrary Velocity Distributions
The general form of the VDF for the sth specie (s is an electron or an ion specie) divided into distinct populations j is a sum over the j populations:
Fs (u,v,w) : 
where G is a function of the sum of velocities squared or of the energy. The most applicable form for a collision dominated plasma is the Maxwell distribution function:
where m and T are the mass and temperature of the jth component of the sth specie (for simplicity, the subscripts and superscripts are not explicitly written in all cases). Watkins. _ We will employ a specific form of the anisotropic VDF which applies to many space plasma situations: Another useful form for the anisotropic VDF is as a spherical harmonic expansion.
III.A. General Current equations
The Langmuir probe current equations are given below for the three standard geometries; planar, cylindrical, and spherical. To simplify the formulas we assume large symmetrical sheaths and orbital-motion-limited collection for the cylindrical and spherical probes, which is valid over essentially all ionosphere conditions as long as the relevant probe dimension is smaller than a few cm. It will become apparent that each geometry has advantages and disadvantages which depend upon the type of non-maxwellian distribution.
III.A.1.
Planar Probe General Formulas 10/23/98 3:42 PM For a planar probe of area A, the general formula for the current is,
where q is the charge, m the mass of the sth specie and jth population. The lower limits on the integral correspond to accelerated (qV>0), retarded (qV<0) particles respectively, u is the component of velocity perpendicular to the planar probe. And FID is the one dimensional or "1D" distribution, defined by the integral over velocities parallel to the probe surface,
and where the subscripts and superscripts are dropped for simplicity of notation. This result is general for any VDF, isotropic or anisotropic.
In the ionosphere, the electron current at zero probe potential is about a factor of 170 greater than the ion current because of the large ion/electron mass ratio, hence the I-V characteristic is dominated much more by the electron current than the ion current. Therefore, the total current in the retarding region can be used to attempt to determine the electron velocity distribution. We adopt the convention that the electron current is positive. Thus the 1st derivative of the planar electron current is given by,
where eV<O. The derivative is proportional to the "1D" VDF. This result does not imply that the individual populations j can be obtained from the I st derivative which gives the sum of the populations. However, if the populations dominate in distinct energy regions, then the derivative can be used to detemaine the dominant populations. Also the "1D" VDF is not the same as the original "3D" VDF of Eq. (4), however, it is a useful concept. Later in the discussion on isotropic plasmas, the relationship between the "1D" and "3D" distributions is examined.
In general, the 2nd derivative of the planar electron current appears to be not related directly to the distribution function, since it is the 1st derivative of the "ID" VDF. However, if 10/23/983:42PM thedistributiontakes the specific {'orm of anisotropic VDF that we assmned in Eq.' (8), then it can be shown using integration by parts, that,
where a,b,c are anisotropy parameters which are distinct for each population, and u°is the population dependent drift velocity in the direction perpendicular to the planar probe surface.
Thus the 2nd derivative of the planar current is equal to a weighted sum of the "3D" VDFs for our assumed form of the anisotropic distribution.
If the populations have distinct energy domains, then it may be possible to obtain some information on the VDF of each of the populations.
The result is independent of the drift velocities in the directions along the probe surface, consistent with the planar probe sensing the "1D" distribution. The planar probe current was treated by Federov _2 for the anisotropic distribution expanded in spherical harmonics.
In the special case of an isotropic VDF, (a=b=c=l, u0=0) then Eq. (12) reduces to the sum over the individual "3D" VDFs.
III.A.2. Cylindrical Probe General Formulas
For a cylindrical probe with an anisotropic VDF, the general formula for the current is more complicated than for a planar probe. The geometry is no longer rectilinear and we must integrate over the circumference of the cylindrical surface which changes the direction of the normal and tangential velocities relative to the anisotropy direction in space. If we let the z-axis be along the probe axis, the dependence on a drift velocity, w°in the z direction is eliminated.
We use our general form for the anisotropic VDF, given by Eqs. (6) and (8) and define a "2D" VDF, 10/23/98
where F,,,,,,,,_,, is given by Eq. (8). At an arbitrary position 0 along the probe circumference, the radial, u, and tangential, v, velocities are related to the x,y components u,v by the transformation,
The orbital-motion-limited cylinder probe current is then given by, 2n" oo
where A is the cylinder area and transformation (14) 
10/23/98
where 0, g_ are the polar and azimuthal angles respectively. The inverse transformation is the transpose of (18). Then the spherical probe current in the limit of a large sheath (orbitalmotion-limited case) is given by, 5
where A is the sphere area, and Fj is our general anisotropic "3D" VDF given by (8). For retarded electrons, the 1st derivative is,
and the 2nd derivative is given by,
Thus the 2rid derivative of the spherical probe current is the average over all orientations of the anisotropic distribution function, or it yields the isotropic part of the distribution as was shown by Federov t2.
III.B. Current Equations for Isotropic Distribution of Electrons
The isotropic velocity distribution function has the general form given by Eq. Given the form of the isotropic VDF, Eq. (6), the "ID" distribution can be rewritten as, 
Successive transformation of variables, u-+ X = t-, and t = sin0s, w=cos0s, and the integral over 0 yields _r 2" and thus the retarded cylindrical current is given by the integral in
The spherical current, Eq. (17), for an isotropic distribution has the form,
and using the transformation, u 2 + X = s 2 , the spherical probe retarded current is found to The 1st derivative of the retarded current was shown in Eq. (11) to be given by the "1D" distribution for a planar probe, thus for isotropic plasma, the three probe goemetries all have the identical form given by,
where the "ID" VDF is given by Eq. (20).
Examine the relation of the "ID" distribution to the full "3D" VDF. The "3D" VDF can be 
which can be rewritten, using the relations among Laguerre polynomials given by Rainville t3, as follows,
For a Maxwell distribution g,=0 for n>0, which is the only case when the "1D" and "3D" 
where the drift velocity components ug v o, w°may be different for each specie and population of a specie. For simplicity, we will assume below that all species have the same drift velocity.
III.C.1. Planar Probe Equations for Anisotropic MB Distribution
The "1D" VDF is obtained by substituting (34) in Eq. (12),
which leads to the current expressions, 
j,s for retarded particles, where r is the ratio of drift velocity to thermal velocity,
and r/is the ratio of voltage to thermal energy, 10/23/98
and the random current, the current due only to thermal motion of the particles, is, ir,,nd,,.,[---_r-_+exp(rl) 
for large r/ ,this expression is approximated by _-vq + q .
For retarded particles the current is given by, ir,,,a,,meXp( rl) . for accelerated particles, and
for retarded particles. In the limit of zero drift velocity, or an isotropic Maxwell distribution,
Eq. (40a) reduces to, ir.,,,,,,.,(l_+ 1), If one knew the form of the energy distributions of the secondary electron populations, one could in principle fit the I-V curves for the energy and density of each of the contributions.
In practice this is difficult, since one usually only has the I-V curves themselves to work with.
After finding that a single temperature fit fails to achieve a sufficiently small standard deviation, one could proceed by trial and error to add various other components to the fit to improve the quality of the fit. The first step is usually to add another maxwellian component at a suitable temperature and density. If such a two-temperature distribution fails to achieve an acceptable fit, one can proceed to add or substitute directed energetic beams with appropriate energies and temperatures of the type illustrated above in Sections V.
In this section we go part way down this path by showing how well single and twotemperature probe theories fit the I-V curves shown in Figures 1 -3 where V is the probe voltage in volts, T_ is the single temperature in K, and a, b and c are constants to be determined by the fit. The first two terms represent the ion current amplitude and slope, respectively. The third term represents the retarded electron current. The fitting procedure steps through a range of temperatures T_ while performing a least square fit of Eq.
(44) to the theoretical curves to determine the coefficients. A Newtonian scheme is used to refine the fit to obtain a temperature that minimizes the standard deviation, STD.
A similar method was used to fit the curves for two temperatures using the formula:
604 exp I116°4 Sens., GE-18, No. 1, 49-54, 1980. 16. Hoegy, W. R, Prove and raday electron temperatures in an isotropic nonequilibrium plasma, J. Geophys. Res., 76, 8333-8340, 1971 . (Fig. 3a) .Also notethattheelectronsaturation currentstoa cylinderarerelativelylesssensitiveto the presence of a beamthanareplanarprobesandspherical probes (Fig.3c ). . L,,._':.?7...L....., .. Figure 3 a, except for a cylindrical probe. The retarding region is not as sensitive to the beam component as was the case for the planar probe (Fig. 3a) . Also note that the electron saturation currents to a cylinder are relatively less sensitive to the presence of a beam than are planar probes and spherical probes (Fig. 3c ). 
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